use of allogeneic cells, 11 cardiac-derived cells, 12, 13 selected cell populations such as CD34+ cells, 14 and expanded or enhanced autologous BMMC. 15, 16 Ixmyelocel-T is an expanded multicellular therapy cultured from autologous BMMC comprised myeloid cells (ie, granulocytes, monocytes, and mixed myeloid progenitors) and lymphoid cell types (ie, T cells, B cells, and mixed lymphoid progenitors) that express CD45 + on the cell surface, as well as CD90 + mesenchymal stromal cells. 16 Within the population of CD45 + cells is a subpopulation of CD45 + CD14 + autofluorescent (CD14+Auto+) M2-like macrophages. Although all of these cell types are found in bone marrow, the number and proportion of CD90 + and CD14 + Auto + cells are significantly greater in the ixmyelocel-T product as a result of expansion during the manufacturing process. In comparison with the relatively small reservoir of these 2 cell types in bone marrow, ixmyelocel-T contains ≈200and 50-fold the number of M2-like macrophages and mesenchymal stromal cells, respectively.
A range of biological activities relevant to tissue repair and regeneration has been demonstrated reflecting the multicellular composition of ixmyelocel-T. [16] [17] [18] In addition, ixmyelocel-T was associated with improved ischemic ulcer healing and a reduction in the rate of amputation in a placebo-controlled phase 2 study in patients with critical limb ischemia. 19 We report here the results of 2 phase 2A clinical trials of intramyocardial delivery of ixmyelocel-T in patients with end-stage HF because of ischemic and nonischemic dilated cardiomyopathy (DCM).
Methods

Study Design
Two prospective, randomized, open-label, multicenter, phase 2A trials were conducted to assess the safety and efficacy of ixmyelocel-T administered via minithoracotomy or intramyocardial catheter injections with the NOGA Myostar in patients with DCM stratified by ischemic or nonischemic status.
The surgical study (IMPACT-DCM; ClinicalTrials.gov Identifier: NCT00765518) was conducted from November 2008 to September 2012. Eligible patients were randomized to either ixmyelocel-T or standard of care control in a 3:1 ratio (n=39). The catheter study (Catheter-DCM; NCT01020968) was conducted from April 2010 to March 2013. Eligible patients were randomized to either ixmyelocel-T or standard of care control in a 2:1 ratio (n=22). In both studies, only patients randomized to ixmyelocel-T treatment underwent bone marrow aspiration and cell injection based on discussions with the Food and Drug Administration. Patients in the treated and control groups had clinic visits through 12 months, followed by a 24-month phone call for safety assessments. An independent Data Safety Monitoring Board met periodically to review serious adverse events. The studies were conducted in accordance with Declaration of Helsinki principles and approved by the appropriate institutional review boards. All patients gave written informed consent.
Patient Selection
Both studies enrolled a high-risk patient population with ischemic or nonischemic DCM based on the following criteria: World Health Organization Definitions and Classifications, 20 symptomatic HF, New York Heart Association (NYHA) class III or IV, LVEF≤30%, and ineligibility for percutaneous or surgical revascularization.
Patients with ischemic DCM had a history of myocardial infarction or evidence of clinically significant (≥70% narrowing of a major epicardial artery) coronary artery disease. Patients without a history of myocardial infarction were required to have coronary angiography within the past 5 years. As part of the prescreening process, either the Aastrom medical monitor or Principle Investigators (T.D.H. and A.N.P.) reviewed available medical history jointly with the investigator to evaluate whether a patient could be screened. Eligibility for revascularization was determined by the local investigator team (cardiac surgeon and interventional cardiologist).
Eligible patients were between 18 and 86 years old, taking optimal medical therapy for HF, and had an automated implantable cardioversion defibrillator unless contraindicated. In both studies, optimal medical management was defined as a stable drug treatment for the past month and no new medications within the past 3 months. Patients were excluded if they had severe valvular heart disease, history of severe chronic obstructive pulmonary disease, body mass index ≥40 kg/m 2 , acute coronary syndrome, end-stage renal disease requiring dialysis, or substance abuse in the past 6 months. Standard exclusions for NOGA mapping or intramyocardial injection (aortic valve disease, severe aortic disease, LV thrombus, and uncontrolled atrial fibrillation) were also used in Catheter-DCM (Online Methods). 21
Treatment
Patients randomized to the ixmyelocel-T group underwent a ≈ 60-mL bone marrow aspiration from the posterior iliac crest during an outpatient procedure. The bone marrow aspirate was shipped overnight for manufacturing at Aastrom Biosciences. Ixmyelocel-T was produced by incubating the patient's collected bone marrow aspirate in a proprietary bioreactor under controlled conditions and then by harvesting the expanded cell populations after 12±1 days of culture. The expanded cell population consists of mesenchymal stromal cells (CD90+) and alternately activated CD45 + CD14 + autofluorescent + (CD14 + Auto + ) macrophages. All products met the following release specifications: 35 to 295×10 6 cells with >70% cell viability; 5% to 55% of cells were CD90+, and 45% to 95% of cells were CD45+. After the cell expansion process, ixmyelocel-T was returned to the clinical site in a labeled patient-specific bag for injection administration.
In IMPACT-DCM, patients received ixmyelocel-T injections via minimally invasive thoracotomy or lateral thoracotomy (determined by the treating cardiac surgeon) to ≈25 to 30 injection sites equally distributed (medially and laterally) across the anterior and posterior areas of the left ventricular wall. Injection sites were a minimum of 1 cm apart and designed to encompass as much of the ventricular-free wall as possible. Each injection contained 0.2 mL of ixmyelocel-T suspension delivered via a 1-mL syringe into the midmyocardium at each of the injection sites.
In Catheter-DCM, ixmyelocel-T was delivered percutaneously via the NOGA XP cardiac navigation system (Biologics Delivery Systems Group of Cordis Corporation, a Johnson & Johnson company, Irwindale, CA) 14 with a series of 12 to 20 injections of 0.4 mL each ≥1 cm apart into the myocardium. For ischemic patients, ixmyelocel-T injections were performed within 2 cm of the border between viable and infarcted (<6 mV unipolar voltage) myocardium. For nonischemic patients, ixmyelocel-T injections were distributed equally among the anterior, lateral, and posterior left ventricular wall, avoiding the intraventricular septum and areas where wall thickness was <6 mm. All injections were made into viable myocardium with unipolar voltage ≥6.0 mV and loop stability <3 mm. The mean (±SD) number of injections for Catheter-DCM was 13±1.6 and for IMPACT-DCM 25±2.6.
Patients in the control group received standard-of-care treatment for DCM, according to accepted medical practices. After a data review by the Data Safety Monitoring Board, patients in the control group were allowed to be rescreened for an extension study to receive ixmyelocel-T after 6 months of follow-up in IMPACT-DCM or 12 months of follow-up in Catheter-DCM.
Nonstandard Abbreviations Acronyms
Definitions and End Points
The primary objective of the studies was to assess the safety of ixmyelocel-T. The secondary objectives were to assess the efficacy of ixmyelocel-T when compared with control (standard of care) within each DCM stratum (ischemic and nonischemic) and pooled across strata. Efficacy was evaluated at 1 (IMPACT-DCM only), 3, 6, and 12 months. Major adverse cardiac events (MACE) included cardiac death, cardiac arrest, myocardial infarction, sustained ventricular arrhythmia (eg, ventricular tachycardia or ventricular fibrillation), pulmonary edema, HF exacerbation requiring hospitalization (eg, acute HF), unstable angina, or major bleeding (defined as the need for ≥2 units of blood within 1 week of injection procedure or the need for operation because of bleeding). Changes from baseline in NYHA HF status, Minnesota Living with Heart Failure Questionnaire (MLHFQ), and in exercise tolerance measured by 6-minute walk test were evaluated, as well as C-reactive protein and brain natriuretic peptide. Structural assessments from echocardiogram and SPECT (single-photon emission compute tomography) were read by a blinded core laboratory and included changes from baseline in LVEF, LV dimensions and volumes, wall motion score index, and myocardial perfusion.
Data Analysis
Both studies were phase 2A and designed to evaluate safety and explore potential efficacy. Neither study was powered to test a prospective hypothesis. A computer-generated randomization schedule was used to assign patients within each stratum. Control patients underwent an initial follow-up visit ≈30 days after their screening visit, which was considered day 0 and baseline for data display and summary of adverse events. There was no imputation for missing data. Data from the randomized portion of the study were summarized using descriptive statistics. Differences between groups in the change from baseline were analyzed using a 2 sample unpaired t test. Differences between groups in baseline demographics were compared by an unpaired t test. The proportion of patients who were men, white, experienced a MACE, or achieved a NYHA class I/II was tested using a 2-tailed Fisher exact test. A P value of <0.05 was considered statistically significant. MACEs were adjudicated in a blinded fashion by the Principal Investigators (T.D.H. and A.N.P.). MACE was summarized by the number of patients who experienced a MACE overall and by the number of patients experiencing a specific event categorized as MACE. Treatment-emergent adverse events were summarized by the number of events per patient. For this analysis, a patient was counted only once, regardless of the number of MACE events experienced.
Results
Study Disposition
In the IMPACT-DCM study (n=39), 24 of 25 patients randomized to ixmyelocel-T treatment were treated and 14 patients were in the standard of care (control) group (Figure 1 ). One aspirate had an inadequate number of mononuclear cells for expansion. In the Catheter-DCM study (n=22), 15 patients were aspirated and received ixmyelocel-T and 7 patients were in the control group. After 6 months in the surgical study or 12 months in the catheter study, 8 control patients met eligibility criteria, underwent a successful bone marrow aspiration, and were subsequently treated with ixmyelocel-T. Between the 2 studies, a total of 61 patients were randomized. A total of 21 patients In the IMPACT-DCM study, ixmyelocel-T was administered via minithoracotomy. In the Catheter-DCM study, ixmyelocel-T was administered with a NOGA Myostar injection catheter. The numbers of patients randomized, treated, and followed up for 12 months after treatment is shown for each study by strata. Patients randomized to control (standard of care) were given the opportunity to be rescreened after 6 months in the IMPACT-DCM study or after 12 months in the Catheter-DCM study and, pending eligibility, receive ixmyelocel-T. Safety and a limited number of efficacy assessments were evaluated in the study extensions.
with ischemic DCM received ixmyelocel-T, whereas 9 patients with ischemic DCM served as controls. Eighteen patients with nonischemic DCM received ixmyelocel-T, whereas 11 patients with nonischemic DCM served as controls. A total of 59 patients were evaluated in the combined study results because 1 patient failed aspiration and 1 patient withdrew consent. Baseline characteristics of the control and ixmyelocel-Ttreated populations were similar in both studies (Table 1 ). In the combined ischemic and nonischemic populations from both studies, the majority of patients were men and white. All but 2 patients were NYHA class III. All ischemic patients were men, whereas nonischemic patients were more likely to be women and slightly younger. Patients with nonischemic cardiomyopathy were a heterogeneous group as expected but did not have coronary artery disease. The Catheter-DCM ischemic control group (n=3) had significantly lower LVEF (15.5%) than the ixmyelocel-T-treated group (n=9; 25.4%).
Baseline left ventricular end-diastolic volume, end-systolic volume, 6-minute walk distance (6MWD), and MLHFQ global score values were similar across all other groups. Given the small number of control patients in each strata, data from the 2 studies were combined for end point evaluation.
Safety
The mean number of adverse events per patient is shown for individual studies by treatment group and displayed by days 0 to 5 and day 6 to 730 ( Table 2 ). Only ixmyelocel-T-treated patients underwent minithoracotomy, thoroscopy, or catheter procedure. The 5 most common adverse events that occurred in the ixmyelocel-T group (ischemic and nonischemic) during the surgical procedure (days 0-5) were hypotension, nausea, constipation, hyperglycemia, and hypertension. Surgical delivery of ixmyelocel-T was associated with a higher incidence of SAEs in the perisurgical period (days 0 to 5). A similar finding was not observed in the catheter study. After the injection procedure, the number of AEs per patient in both groups was comparable in both studies.
In the IMPACT-DCM surgical study, 2 of 24 (8%) ixmyelocel-T-treated and 1 of 14 (7%) control patients died during the 6-month follow-up period. All 3 patients had ischemic DCM; 1 of the 3 deaths was from a noncardiovascular cause.
In the Catheter-DCM study, no patients died during the 1-year follow-up period. There were no heart transplants during the 6-month or 1-year follow-up period. Left ventricular assist device placements occurred in 1 of 14 (7%) control and 3 of 24 (12.5%) nonischemic-treated patients during the 6-month or 1-year follow-up period.
Efficacy
Fewer ischemic patients treated with ixmyelocel-T experienced a MACE after injection when compared with control (Table 3) . A similar benefit was not seen in the nonischemic patients. HF exacerbation was the most common MACE (Table 4 ). Both ventricular arrhythmia events occurred in the surgical study during surgery. Treatment with ixmyelocel-T was associated with a significant improvement with NYHA class and 6MWD, as well as a trend in MLHFQ scores in the ischemic population relative to control (Figure 2) . Differences in NYHA class between treatment groups were statistically significant as early as 1 month and 6MWD reached statistical significance at 12 months. Of the patients treated with ixmyelocel-T, there was not a statistically significant difference in these end points between the ischemic and the nonischemic groups. Both physical and emotional domain scores of the MLHFQ showed improvement in the ischemic ixmyelocel-T-treated group. Similar trends were observed for both studies individually.
There was no difference in the change from baseline in LVEF, left ventricular end-diastolic volume, and left ventricular end-systolic volume in treated patients relative to control in either stratum (Figure 3 ).There was a trend toward improved wall motion score index in ixmyelocel-T-treated ischemic patients (Figure 4) . This trend was observed in both studies individually as well. Twelve months after treatment, there was no change from baseline in stroke volume and cardiac output in any treatment group. No differences from baseline were observed in C-reactive protein (mean±SEM) at 3 months (4.7±0.9 versus 5.8±1.4 mg/L) or brain natriuretic peptide (mean±SEM) at 12 months (502±71 versus 451±63 ng/L) in the ixmyelocel-T-treated patients.
Discussion
The objective of these 2 studies was to evaluate the safety and feasibility of 2 methods of ixmyelocel-T cell delivery, as well as to identify potential clinical benefit. Despite a small number of patients treated in the individual studies, the combined data suggest that intramyocardial injection with ixmyelocel-T reduces MACE and improves symptoms in patients with ischemic DCM but not in patients with nonischemic DCM. Given the similar study design, including stratification by ischemic versus nonischemic cause, similar eligibility criteria, and patient follow-up, we elected to present both studies together. There were other slight differences between the studies, including the pattern of intramyocardial injection pattern.
On the basis of the increased incidence of adverse events associated with ixmyelocel-T administration via minimally invasive thoracoscopy or lateral thoracotomy compared with the catheter administration, we selected catheter administration for an ongoing phase 2 double-blind, placebo-controlled trial in patients with ischemic cardiomyopathy (ClinicalTrials. gov Identifier: NCT01670981). Notably, the number of SAEs in treated or standard of care patients in both studies did not differ during the 2-year follow-up period, starting on day 6. Numeric and clinically meaningful improvement in NYHA class, MLHFQ score, and 6MWD was observed in the ischemic patients starting 1 month after treatment and was sustained through 12 months. In addition, the number of MACE was lower in the treated ischemic patients when compared with that in the ischemic control patients, even when considering that 2 of the MACE (ventricular arrhythmia) in the treated patients seem to be related to the surgical procedure. The improvement in LV function from cell therapy overall has been moderate. [5] [6] [7] Although the cell types are similar to those found in the BMMC population, the numbers of CD90+ and CD14+Auto+ cells are significantly greater in ixmyelocel-T. The prevailing scientific view is that a mixture of regenerative cell types, such as mesenchymal stromal cells and alternatively activated macrophages (CD90+ and CD14+Auto+, respectively), rather than a single cell type, are required to promote long-term tissue regeneration and repair 22, 23 . On the basis of preclinical data, we found that ixmyelocel-T provides benefit via a multimodal mechanism of action, including a local paracrine effect given its cytokine expression profile. 16 Either the CD90+ or CD14+Auto+ cells from ixmyelocel-T secrete 10-fold more anti-inflammatory cytokines interleukin 1-ra, interleukin-10, macrophage inflammatory protein-1α and growth factors vascular endothelial growth factor and hepatocyte growth factor than BMMCs. In a rat model of chronic arterial occlusion, nonclassically activated anti-inflammatory macrophages (such as the CD14+Auto+ macrophages in ixmyelocel-T) have been demonstrated to play a role during collateral growth. 24 M2 macrophages increased in number in the perivascular space after occlusion. Interleukin-10 treatment, known to induce M2 activation, led to perfusion recovery, indicating that the M2 macrophage is critical for collateral growth.
Limitations
The major limitation for both trials is the lack of true placebo groups. A recent meta-analysis of cell therapy treatment after an acute myocardial infarction suggests that the lack of placebo may overestimate the treatment effect. 25 We noted differences in both the standard of care populations and treated patients based on the cause of DCM, with higher events in the ischemia patients. Assuming the placebo effect on secondary end points, such as NYHA class, 6MWD, and MLHFQ, would be the same in the 2 treated populations; these results Major bleeding 0 (0) 0 (0) 0 (0) 0 (0) CHF indicates congestive heart failure; and MACE, major adverse cardiac event. *Patients may have had multiple events in different MACE categories; therefore, columns with specific events do not add up to the row value for any MACE shown in Table 3 .
†Two cases of ventricular arrhythmia occurred during the surgical procedure. suggest that there is a greater treatment effect in the ischemic population. When compared with the nonischemic ixmyelocel-T-treated patients, the ischemic-treated patients had a greater improvement in NYHA class, 6MWD, and MLHFQ scores. When compared with the ischemic control population, control patients in the nonischemic population tended to show improvement in NYHA class and 6MWD during the 12 months of assessments, potentially diminishing the ability to detect a beneficial treatment effect of ixmyelocel-T. However, the significant improvement of NYHA class and 6MWD in the ischemic patients from the ixmyelocel-T group is in contrast with the lack of changes of cardiac structure and function and may be partially explained by the placebo effect in the absence of blinding and sham-treated control groups. This is currently being tested in an ongoing phase 2 double-blind, placebo-controlled trial, ixCELL-DCM.
Conclusions
In summary, catheter administration of ixmyelocel-T has a superior safety profile when compared with surgical administration. The clinical benefit of ixmyelocel-T was more pronounced in patients with ischemic DCM. These results provide the rationale to evaluate the catheter delivery of ixmyelocel-T for the treatment of ischemic DCM in a double-blind placebocontrolled study. 
